Lactobacillus casei cells can accumulate folate to an intracellular concentration in excess of 500 ,uM and to concentration gradients (relative to the extracellular compartment) of several thousand-fold. Maximum rates of folate transport are achieved rapidly (t1/2 < 1 min) after the addition of glucose to energy-depleted cells and occur at intracellular adenosine 5'-triphosphate concentrations above 625 AM. The rate of folate transport and the adenosine 5'-triphosphate content of cells are both extremely sensitive to arsenate and decrease in parallel with increasing concentrations of the inhibitor, indicating a requirement for phosphatebond energy in the transport process. The energy source is not a membrane potential or a pH gradient generated via the membrane-bound adenosine triphosphatase, since dicyclohexylcarbodiimide (an adenosine triphosphatase inhibitor) and carbonyl cyanide m-chlorophenylhydrazone (a proton conductor) have little effect on the uptake process. The K+-ionophore, valinomycin, is an inhibitor of folate transport, but does not act via a mechanism involving dissipation of the membrane potential. This can be deduced from the facts that the inhibition by valinomycin is relatively insensitive to pH, is considerably greater in Na+-than in K+-containing buffers, and is not enhanced by the addition of proton conductors. Folate efflux is not affected by valinomycin, glucose, or various metabolic inhibitors, although a rapid release of the accumulated vitamin can be achieved by the addition of unlabeled folate together with an energy source (glucose). These results suggest that the active transport of folate into L. casei is energized by adenosine 5'-triphosphate or an equivalent energy-rich compound, and that coupling occurs not via the membrane-bound adenosine triphosphatase but by direct interaction of the energy source with a component of the transport system. Folate and structurally related compounds are transported into Lactobacillus casei via a single, repressible system (5, 17, 21, 22, 24, 25, 32, 33) whose activity is directly dependent upon a membrane-associated, folate-binding protein (19, 20, 22, 24, 25) . The process can be classified as active transport, since the cells accumulate folate in an unmodified form (32). Energy required for the uptake of folate is furnished presumably by ATP, which is generated by glycolysis in this anaerobic bacterium. The possible involvement, however, of oxidoreduction energy cannot be excluded (24), although the inhibition of transport by arsenate (24) indicates that a phosphorylated compound is required for at least one step in the coupling process.
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By comparison with other bacterial transport systems (reviewed in 29, 34, 36) , ATP-driven folate transport in L. casei would be expected to occur via one of several general mechanisms which differ in the mode of ATP utilization. Transport could be coupled, in one case, to a pH gradient or a membrane potential ( L. casei cells (ATCC 7469) were grown for 16 h at 300C (2% inoculum) according to the general procedure described previously (20) ATP and L-lactate concentrations were measured after incubation of assay mixtures (8 x 108 cells in 1.0 ml of 0.1 M potassium phosphate, pH 7.5, containing 5 mM glucose and the indicated additions) for the prescribed time interval at 300C. ATP was determined by the luciferin-luciferase procedure of Cheer et al. (4) in cell extracts prepared as described by Forrest and Walker (7) . L-Lactate released into the medium was determined by enzymatic assay (10), using lactate dehydrogenase, on cell supernatants obtained after centrifugation for 5 min at 40C. Fig. 1 (24) . Cells treated in this fashion transported folate at a rate less than 10% of the energized control. The maximum rate (0.35 nmol/min per 1010 cells) of folate transport, however, was restored almost immediately by the addition of excess glucose (Fig. 2) . ATP levels likewise increased rapidly upon addition of glucose, although a short lag period was observed in this instance (Fig. 2) . These data revealed that maximal transport of folate was achieved at upon glycolysis as a source of energy, it was not surprising to find that folate transport was inhibited by various agents which block or uncouple glycolysis (24) . One of these compounds, arsenate, was studied further in the present investigation. Its effects upon folate transport, ATP levels, and lactate production are shown in Fig. 3 . Inhibition of transport was half-maximal at 9 ,M arsenate, and was complete at inhibitor concentrations above 200 ,uM. ATP levels were comparably sensitive to arsenate (50% decline at 6,uM) and also decreased to very low levels at high arsenate concentrations. Lactate production (inset, Fig. 3 ), in contrast, continued at either a normal or elevated rate over the entire range of arsenate levels tested. It must be emphasized, however, that the unusually high sensitivity of these cells to arsenate was dependent upon the assay conditions. Maximum effects by the inhibitor were achieved only after a 20-min preincubation of the cells with both arsenate and glucose. Shorter incubation times or the omission of glucose led either to a lower sensitivity or to incomplete inhibition of transport even at high (>1 mM) concentrations of arsenate. This suggests that arsenate must be actively transported into the cells to achieve the observed inhibition. Energy-dependent transport of arsenate has been demonstrated previ- (Fig. 4) . Whereas addition of DCCD after 5 min had no effect on this rate of ATP production, the glycolytic inhibitor io- bCCCP, DCCD, and VAL were dissolved in a small volume of ethanol, diluted into buffer, and then added to cell samples; the final concentration of ethanol, which never exceeded 1%, had no effect on the rate of folate transport. doacetate added at the same time caused an immediate cessation in ATP accumulation (Fig.  4) . This was followed by a rapid decline in cellular ATP, owing to the consumption of the latter, presumably by membrane-bound ATPase. The more interesting observation was that exposure of cells to DCCD 5 min before the addition of iodoacetate abolished the ability of the latter compound to affect ATP levels. This verified that ATPase activity in L. casei could be inhibited by DCCD.
The results with CCCP and DCCD argue strongly that the membrane-bound ATPase is not involved in energizing folate transport. Since this enzyme is also responsible (by extrusion of a cation) for the generation of a membrane potential, the latter process would also appear to be excluded as the driving force for folate accumulation. This conclusion seems reasonable, moreover, because the negative interior resulting from such a membrane potential should hinder entry of the folate anion. It should be noted further that the lipid-soluble triphenylmethylphosphonium cation, which might be able to dissipate this type of membrane potential by accumulating in the cytoplasm (15), had no effect on folate transport even at the relatively high concentration of 500 ,LM (Table 1) .
Effect of VAL. The possibility that an ion gradient across the membrane might be energizing folate transport was examined further by use of the K+-conducting ionophore, VAL. VAL was found to be an inhibitor of folate transport (Taon September 29, 2017 by guest http://jb.asm.org/ Downloaded from ble 1), but it did not appear to be operating by dissipating the membrane potential. This was suggested from the fact that combinations of VAL with CCCP or with CCCP plus DCCD, which would be expected to accelerate the collapse of the membrane potential, were less inhibitory than VAL alone. The formation of a complex between VAL, CCCP, and K+ (28) is apparently not a hindrance to ion translocation, since this combination circulates protons across the membrane of L. casei at a much faster rate than each compound alone (24) .
(The membrane potential of L. casei was -158 mV as determined by the VAL-induced uptake of 'Rb [1] . For this measurement, cells buffered with 100 mM sodium phosphate [pH 7.5] were preincubated for 5 min at 37°C with 5 mM glucose before the addition of ssRb (10 ,uM) and VAL (1 ,uM) . The amount of ssRb taken up by cells under these conditions increased by greater than 50-fold upon addition of VAL and thus appeared to be in direct response to the membrane potential and not to the activity of a cellular transport system.)
The pH dependence for inhibition of transport by VAL (Table 2) is also inconsistent with the involvement of a membrane potential in the coupling mechanism. Systems driven by the proton-motive force should be more sensitive to inhibition by VAL at high pH (9) . However, the inhibition of folate transport produced by VAL not only was relatively insensitive to pH, but actually decreased with increasing alkalinity. Artificial membrane potentials generated either by VAL-induced K+ efflux (23, 26) or by the outward diffusion of thiocyanate (35) were also unable to stimulate folate transport (in energydepleted cells). 'Expressed in nanomoles per 5 min per 10"' cells.
Other possible explanations for the ability of VAL to inhibit folate transport were investigated. Table 3 compares the effect of VAL on folate transport, lactate production, and ATP levels in the presence and absence of K+. It can be seen that VAL had no effect on ATP levels and actually stimulated lactate production when the standard K+-containing buffer was employed. Thus, the inhibition of folate transport by VAL cannot be attributed to an effect on glycolysis. A different result was obtained, however, when K+ in the medium was replaced by Na+. Under these conditions, VAL (5 ,uM) blocked both folate transport (50% inhibition at 20 nM VAL) and lactate production and diminished the ATP level by greater than 75%. In the absence of external K+, the ionophore apparently blocks energy production by depleting the cells of K+.
Efflux offolate. Since transport of substrates in the non-physiological direction (i.e., from cytoplasm to external medium) can be useful in characterizing transport systems, the effect of various compounds on the rate of folate efflux from L. casei was determined. Cells were preloaded with labeled folate in the presence of limiting concentrations (100 ,uM) of glucose, washed to remove the remaining glucose and folate, and then suspended in vitamin-free medium. Cells treated in this fashion retained 75% of the intracellular folate after incubation at 300C for 80 min (t/2 = 250 min). VAL, which inhibited folate transport under these conditions, had no effect on the efflux rate, but a rapid release of folate could be obtained by addition of either 5 ,tM unlabeled folate (tl/2 = 65 min) or unlabeled folate plus 5 mM glucose (t1/2 = 20 min). CCCP, DCCD, iodoacetate, or glucose alone had no effect on folate efflux. The large concentration gradients of folate achieved in L. casei require the concurrent consumption of energy. The latter must be derived from glycolysis since this microaerophilic anaerobe lacks the capacity for oxidative phosphorylation. Although the involvement of other energy-rich compounds cannot be eliminated by the present study, the hydrolysis ofATP appears to be the primary energy source. This is supported by the observation that folate transport and ATP production show parallel sensitivity to arsenate (Fig. 3 ). The energy required for folate transport must also be generated extremely rapidly (Fig. 2) , and this is consistent with the higher rate of ATP production in these cells.
There are several mechanisms by which ATP could act as the energy donor for folate transport. In one case, ATP would be utilized by the membrane-bound ATPase to generate a membrane potential (interior negative) or a pH gradient (interior alkaline), or both. Folate symport with protons, followed by extrusion of the latter from the cell via the ATPase, could then be a means of driving folate transport. Whereas other anions including succinate (31) , glutamate (27) , and phosphate (8, 9, 30) (16) as well as for the various transport systems in Escherichia coli and Salmonella typhimurium that are mediated by periplasmic binding proteins (29, 34) .
The present results cannot exclude the possibility that folate is concentrated in L. casei by an anion-exchange mechanism similar to that proposed for methotrexate transport in L1210 mouse leukemia cells (18) . Concentration gradients could be produced by the exchange of external folate for an intracellular anion, the latter having been concentrated by an ATP-dependent process. Efflux of this exchange-anion down a large concentration gradient would be the driving force for the uptake of folate. This type of transport is highly sensitive to various anions external to the cells, but anion sensitivity has not been observed for the L. casei transport system (unpublished data). In addition, metabolic inhibitors, which have little effect upon methotrexate transport in L1210 cells, strongly interfere with folate transport in L. casei (24) .
Bacterial active transport systems are often classified according to their mechanism for ATP utilization and the cellular location of the required binding proteins (2, 3) . These groupings are used primarily in E. coli and related organisms and stem from the fact that transport systems mediated by periplasmic binding proon September 29, 2017 by guest http://jb.asm.org/ Downloaded from teins appear to be driven directly by ATP, whereas systems containing integral membranebinding proteins are energized by a proton-motive force (34) . Recently, however, Harold and Spitz (16) have provided evidence in S. faecalis for systems of a third type, viz., those which utilize ATP directly as an energy source but are mediated by integral membrane proteins. Folate transport in L. casei provides another example of an ATP-coupled system mediated by an integral membrane-binding protein. We are indebted to Karin Vitols for assistance in the preparation of this manuscript.
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